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Abstract—The concern on human health is often overseen
while wearable technologies attract exploding interests. Mainly
due to the extreme proximity or a direct physical contact to the
human skin, wearable communications devices are acknowledged
to cause higher levels of specific absorption rate (SAR) at the
skin surface. Unfortunately, so far, we have found no study
encompassing all the aspects that the general public needs to
understand about wearable technologies–i.e., the analytical and
experimental backgrounds, and report of SAR levels generated
from commercial wearable devices. In this context, this paper
provides an extensive review on SAR from various commercial
wearable devices that are currently sold in the market, as well as
the analytical framework and the current measurement method-
ologies for standard compliance tests. Moreover, considering the
present interest in millimeter wave (mmW), this paper sheds light
on the SAR evaluated at 60 GHz and also compares the SAR
to that measured at 2.4 GHz. We expect that this paper will be
of value in informing the general public of the safety in using
the currently sold wearable devices, and in igniting further study
of the exact biological consequences from electromagnetic field
(EMF) exposure due to wearable devices.
Index Terms—Human EMF exposure; Wearable communica-
tions; SAR; mmW; 2.4 GHz; 60 GHz
I. INTRODUCTION
A. Significance of Wearable Technologies
Mobile wearable communications devices are rapidly mak-
ing inroads thanks to advancements in miniature electronics
fabrication, wireless communications, batteries, and data an-
alytics. The initial driver of the mobile electronics market
was fitness and healthcare gadgets [1]. The convergence of
wearables, such as smartwatches and activity trackers, has
initiated the growth of smart technology in healthcare–e.g.,
wireless blood pressure/respiratory rate wristbands or patches
for home diagnosis [2].
Today, we evidence a remarkable expansion of wearable
technologies in the mobile device market [3]. September
2009 can be considered as the defining moment when iconic
wearable technologies like Nike+ and Fitbit became commer-
cialized [4], which further expanded the industry and led to
an unprecedented variety of applications: e.g., smartwatches,
wristbands, smart sunglasses, smart jewelry, electronic cloth-
ing, skin patches, etc [5]. Data obtained from these wearables
creates opportunities that will improve the quality of life that
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existing mobile technologies (e.g., smartphone) alone could
not easily achieve [6].
Not only for personal life, wearable devices are also used
to provide a wider range of value-added services such as
indoor positioning and navigation [7][8], financial payments
[9][10], physical and mental health monitoring [11][12], sports
analytics [13], and medical insurance analytics [14]. Wearable
devices can provide easier access to information and more
convenience for their users. They have varying form factors,
from low-end health and fitness trackers to high-end virtual
reality (VR) devices, augmented reality (AR) helmets, and
smartwatches [15].
B. Health Concern on EMF Emitted by Wearable Devices
A major concern regarding wearable communications is hu-
man biological safety under exposure to EMF generated by the
wearable devices [15]. A human body absorbs electromagnetic
radiation, which causes thermal or non-thermal heat in the
affected tissues. Further, as shall be informed in Section III
of this paper, the EMF energy arriving at the human skin is
dominated by the distance between the EMF emitting device
and the skin. This makes wearable communications as the type
of wireless technology on which the most careful analysis is
needed regarding human EMF exposure.
For this reason, there has been surveys and tutorials
on the human EMF exposure in wearable communications
[4][16][17], which provided up-to-date information that is
necessary to keep general consumers informed of safe use of
wearable technologies. Despite the significant contributions,
the prior surveys limit their generality due to lacking enough
details on:
• Exact levels of EMF exposure caused by the commercial
wearable products that are currently in the market
• Potential impacts of technological change in future (i.e.,
use of mmW for wearables) on the EMF exposure
C. Contribution of This Paper
To this end, this paper provides an extensive overview
on the human EMF exposure in wearable communications,
addressing the aforementioned limitations of the prior surveys
[4][16][17]. The key contributions of this paper are highlighted
as follows:
• Investigation on SAR Levels of Off-the-shelf Wearable
Products: The exact SAR levels generated by the popular
commercial wearable devices–i.e., Apple AirPod, Fitbit,
Snap wearable video camera, and Apple Watch–are in-
vestigated.
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2– The values have been found via (i) investigation
of a product’s data sheet and external articles, and
(ii) calculation referring to the standard analysis and
measurement frameworks in case a SAR level is not
revealed.
• State-of-the-art Standards and Measurement Methodolo-
gies: This paper features in-depth information on how the
SAR values shown in the products are computed.
• SAR Analysis According to Spectrum Band: An explicit
comparison of SAR at different operating frequencies is
provided–i.e., Wi-Fi, Universal Mobile Telecommunica-
tions System (UMTS), Long-Term Evolution (LTE), etc.
– Some products support multiple spectrum bands–
e.g., Apple Watch series, as shall be discussed in Sec-
tion V. The contribution of this paper is highlighted
in such a case: we lead the customers to precise
understanding on differentiated impacts according to
carrier frequencies.
• SAR Evaluation of Wearables Operating in mmW Spec-
trum: Section VI compares the SAR caused by a wearable
device in 2.4 GHz and 60 GHz.
– Wearable communications at 60 GHz adopt a more
directional radiation pattern to (i) overcome the ex-
cessive path loss and (ii) achieve higher data rates
at the user end compared to the previous-generation
technologies [18]. Such directivity elevates the SAR
on human skin.
II. STATE-OF-THE-ART
This paper starts the survey with review on the current
understanding in the literature. This section can suggest a
taxonomy of the current study on human EMF exposure.
A. Wearable Communications Technologies
1) Supporting Sensors: An overview on available electronic
components and toolkits to construct smart garments has been
introduced [19]. The actual operating mechanisms of various
sensors available for wearable devices and different fundamen-
tal algorithms associated with them (i.e., step counting and
activity recognition) were also presented [20].
2) Medical Applications: Thus far, medicine has been the
area to which the most various applications of wearable sen-
sors have been implemented: e.g., health monitoring/prognosis
[21]-[23], activity recognition [24], and assisted living [25].
Several interesting technical challenges have been studied.
Wearable devices have limited visual and auditory data output
channels due to their physical characteristics and complex use
scenarios [26]. A comparative study of notification channels
(light, vibration, sound, poke, thermal, etc.) for wearable
interactive rings had an interesting conclusion regarding the
challenge: vibration was found to be the most reliable and
fastest in conveying sensor notifications [27].
A wearable networking mechanism connected to a cloud has
also been studied. A cloud-based mobile calorie monitoring
system was proposed, where the system can categorize edible
items in a dish and then process the complete calorie count
with high accuracy, for each food item [28].
B. Concern on EMF Exposure
While mostly focusing on techniques and applications only,
the literature of wearable communications is scarce in regards
to human EMF exposure. Mainly due to the nature of its
operation on physical contact on a human body, the wearable
communications pose particular attention in the literature. As
such, recent research has shown interest in the impact of SAR
on the human body.
More than 240 scientists who have published research on
electromagnetic radiation safety believe that current national
and international guidelines for exposure to radio frequency
radiation are inadequate to protect human health [29].
For instance, a latest study compared the EMF exposure
amounts in different spectrum bands [18]. The 2.4 GHz band
was studied as a key spectrum band in which current wearable
devices operate. Also, the study compares the SAR to that
measured at 60 GHz, acknowledging that “higher-rate” Wi-Fi
standards (i.e., IEEE 802.11ad and ay) operating in this band
are enablers of the next-version wearable communications
[15]. It was found that the SAR at 60 GHz can exceed
the regulatory guidelines within a certain separation distance
between a wearable device and the human skin surface–i.e.,
12 to 15 mm [18].
C. EMF Exposure in Commercial Wearable Products
Hitherto, there has been no comprehensive survey inves-
tigating the EMF exposure in currently sold commercial
wearable devices. According to a recent article [30], many of
fitness wear devices that are currently out in the market have
been found to be untested, unscientific, and anxiety causing.
Of course there are other opinions stating that the concerns
are exaggerated and the EMF from earbuds is far too weak to
have any noticeable impact on the human body [31]. However,
we believe that such a controversy only fortifies justification
of further investigation and conservative deployment of high-
energy-emitting wearable devices.
1) Fitbit: In fact, Fitbit, a company well-known for its Wi-
Fi-based watch-type health monitoring device series, recalled
its activity tracker product in 2014 due to continued reports
of dizziness, erratic pulse, nausea, pain, and headaches [32].
A closer investigation on each model has been reported [33].
Some users particularly reported that wearing a Fitbit causes
pain in their arm [34]. Relevantly, a recent study suggested
that wearing a sleep tracker may worsen an insomnia [35].
2) AirPod: Unlike Fitbit, a head-worn device such as a
wireless headset represents another dimension of potential risk.
An example is AirPod, a wireless earbud product series by
Apple. The product has been found to generate quite high
SARs for a Bluetooth device [36]. Moreover, considering the
close proximity to the brain, the health concern around an
AirPod becomes more grave than other wearble devices.
3) Apple Watch: The key concern about Apple Watch is
the exposure time. The smartwatch product performs a wider
variety of applications than just health monitoring or music
streaming and hence is expected to be worn for a longer time
[37]. It has been acknowledged that a longer exposure to EMF
radiation can elevate the hazardous impacts over time [38].
3A further problem is that a device still needs to generate
radio emission even when not used to interact with a nearby
signal source (i.e., access point) [39]. As such, the time
duration of exposure can become longer, which can exacerbate
the human EMF exposure problem than one expects.
D. Health Effect
1) Heating: Temperature elevation of skin is one represen-
tative impact on a human body caused by an EMF exposure.
The temperature for a skin outer surface normally ranges
from 30 to 35◦C. The pain detection threshold temperature for
human skin is approximately 43◦C [40] and any temperature
exceeding it can cause a long-term injury. Heating is con-
sidered as a significant impact since it can cause subsequent
effects such as cell damage and protein induction [41]. It is
also known that high-frequency EMF affects the sweat glands
(which may serve as helical antennas), peripheral nerves, the
eyes and the testes, and may have indirect effects on many
organs in the body [42].
Recent publications in the field of biology studied health
impacts of EMF in frequencies above 6 GHz. In a latest study
[43], EMF power transmitted to the body was analyzed as
a function of angle of incidence and polarization, and its
relevance to the current guidelines was discussed. Another
study [44] determined a maximum averaging area for power
density (PD) that limits the maximum temperature increase to
a given threshold. Also, considering ‘bursty’ traffic patterns in
modern wireless data communications, an analytical approach
to ‘pulsed’ heating was developed and applied to assess the
peak-to-average temperature ratio as a function of the pulse
fraction [45].
2) Neuron: Also, a recent study reported that exposure
of fetal mice to EMF radiation from 800-1900 MHz-rated
cellular telephones (24 h/day throughout gestation) affected
neuron development and subsequent behavior. Exposed sub-
jects showed memory impairments, as determined by the novel
object recognition task [46].
Furthermore, there is research that proves that these ex-
posure levels can open the blood-brain barrier, leading to
neurodegenerative disease and even cancer. Even though FCC
states that low levels of radiation emitted by devices like
Bluetooth headphones are safe, users are recommended to turn
off the Bluetooth function when not in use [47].
Research has shown that the softer brains of children make
them much more susceptible to radiation which means they
will absorb more radiation than adults [48]. For this reason,
exposure to EMF generated by wearable devices can be
particularly dangerous for children. Other factors can affect
the specific absorption rate of a device. The more wireless
connections, the higher the absorption rate will be. For in-
stance, if one has Bluetooth and Wi-Fi on, the overall SAR
will increase.
3) Heartbeat: Disturbance in heartbeats due to EMF expo-
sure has been studied [49]. Diurnal rhythms of blood pressure
and heart rate of healthy men aged 28-49 years were measured
on the basis of data from 24 hours of recordings. The study
concluded that exposure to EMF for occupation can result in
changes of the diurnal rhythms of blood pressure and heart rate
with lowering of their amplitudes and a shift of the acrophase.
E. Current Safety Guidelines
1) Organizations Establishing the Guidelines: International
agencies such as the U.S. Federal Communications Commis-
sion (FCC) [50][51] and the ICNIRP [52] set the maximum
amount of EMF radiation that is allowed to be introduced in
the human body without leading to potential health hazards.
Similar to other wireless devices, the design of a body-
worn device is required to undergo compliances tests based
on the safety guidelines. The World Health Organization
(WHO), which established the International Electromagnetic
Field Project (IEFP), also provides information on health
hazards [53].
There are two types of SAR guideline for the general public
(head and trunk), which suggests that the subsequent human
health impacts depend on the exact area where the device is
placed. The SAR limit is 1.6 W/kg averaged over 1 gram
(g) of tissue for use against the head and 4.0 W/kg averaged
over 10 g of tissue for use on the wrist, based on dosimetric
considerations. This limit is recognized in the USA, Canada,
and Korea [55]. On the other hand, the SAR limit is 2.0 W/kg
averaged over 10 g of tissue for use against the head and 4.0
W/kg averaged over 10 g of tissue for use on the wrist, is
applied in the EU, Japan, and China [52][56].
2) SAR Compliance Test Standards: The key technical
focus is how to determine the SAR measurement methodology.
A standard mechanism is required for measurement of the
electromagnetic energy absorbed by biological tissue when
exposed to radiated electromagnetic energy. These safety tests
are conducted with high transmission levels and placed in po-
sitions simulating use against the head, with 10 mm separation,
and on the wrist, with no separation [57]. Typically, the mass
averaged SAR is computed and compared to the exposure
limits set by the regulating standards to prevent heat stress
throughout the body and excessive heating of local tissues.
F. Reduction of Human EMF Exposure
Albeit not many, schemes for EMF emission reduction in
a wireless system have been proposed in recent literature.
Examples include channel precoding [58] and transmit power
control [59]. Note that the human exposure can be reduced
if a base station (BS) adopts a power control or adaptive
beamforming technique [60]. Also, the exposure level can
be reduced when multiple spectrum bands are combined for
coordinated use. The reason is that with a higher carrier
frequency, a wireless system should reduce the cell size, which
leads to more severe threats to human health. Another latest
study discovered that the position of the sink is also an
important parameter for SAR [61].
III. SAR ANALYSIS FRAMEWORK
Now one wishes to know how exactly the SAR is evaluated.
This section presents mathematical expressions for definition
and derivation of SAR averaged over mass and time.
4A. Justification of SAR as a Key Metric
Electromagnetic waves are able to penetrate human tissues
and cause oscillating electric fields. Then human tissues absorb
these waves, which can affect energy states at the molecular
level and thus may lead to harmful effects [41]. Specifically,
dielectric heating causes a temperature rise in the exposed part
of a body [62]. This heating is what has been known to result
in other potential impacts as a consequence [41].
PD and SAR are the two most widely accepted metrics
to measure the intensity and effects of EMF exposure [63].
However, selection of an appropriate metric evaluating the
EMF exposure still remains to be an open problem. The FCC
suggests PD as a metric measuring the human exposure to
EMF generated by devices operating at frequencies higher
than 6 GHz [64]. Yet, later, a study suggested that a guideline
defined in PD is not efficient to determine the impacts on
health issues especially when devices are operating in a very
close proximity to the human body such as in an uplink [40].
However, PD cannot evaluate the effect of certain transmis-
sion characteristics (e.g., reflection) adequately. Thus, temper-
ature elevation and SAR at a direct contact area are proposed
as the appropriate metric for EMF exposure above 6 GHz [62].
For this reason, this paper chooses SAR as a more adequate
metric than the skin temperature, which is subject to be
dispersed during propagation and be affected by the external
atmosphere (i.e., air temperature).
B. Definition of SAR
The SAR is a quantitative measure of incident energy
absorbed per unit of mass and time [65]. Intuitively, the SAR
quantifies the rate at which the human body absorbs energy
from an EMF.
Here we review several widely used versions of expressions
for SAR. The local SAR value at a point p measured in W/kg
[66] can be expressed as
SAR(p) =
σ|E(p)|2
ρ
[W/kg] (1)
where σ is the conductivity of the material in the unit of
siemens per meter (S/m); E is the root-mean-square (RMS)
of an electric intensity of the body (V/m); and ρ indicates the
density of the material (kg/m3).
The SAR can be interpreted with respect to the heat amount
as well. Specifically, the SAR can be defined as the ratio of
the temperature elevation per unit exposure time. If the heat
diffusion is negligibly small during the exposure period, the
SAR at an arbitrary point is given by [67]
SAR = c
∆T
∆t
[W/kg] (2)
where c is the specific heat of the phantom (J/kg/K); T gives
the temperature rising at the point of exposure (K); and t is
the exposure time length (sec). According to Eq. (2), an abrupt
temperature elevation due to EMF exposure can be captured
by the definition of SAR.
It is noteworthy that the SAR is also inversely proportional
to the penetration depth, which suggests a shallower penetra-
tion yielding a higher absorption. The SAR at a point on the
air-skin boundary can be written as a function of PD(d, φ),
which is given by [68]
SAR(d, φ) =
2PD(d, φ)(1−R2)
δρ
(3)
where R is the reflection coefficient [54]; ρ is the tissue mass
density (kg/m3) as defined in Eq. (1); and δ gives the skin
penetration depth (m). Notice that PD used in Eq. (3) is
formally written as [58]
PD (d, φ) =
PtGt (d, φ)
4pid2
(4)
where Pt is a transmit power; Gt is a transmit antenna gain;
d is the distance (m) from the transmitter.
Let us elaborate on the angle φ. It indicates an angle
formed between the physical orientation of the antenna and
the steered angle of departure [58]. The impact of φ becomes
more dominant with a directional antenna; as such, if an
omni-directional antenna is assumed, this parameter can be
ignored. This paper adopts the definition of SAR with φ for
the generality of the findings in sequel.
C. Average SAR
As have been observed in Eqs. (1) and (3), the SAR is
defined as the average over a certain amount of mass. Thus, it
is referred to as the “peak spatial average SAR” in the standard
[63].
However, in most of the current guidelines, a time average
of the peak spatial average SAR is used as a major metric. For
calculation of the time average, a latest guideline set by the
IEEE [63] refers to the American National Standards Institute
(ANSI) C95.1-1982 [69]. According to the ANSI standard,
a set of limits are established as EMF exposure protection
guides, which applied to all persons regardless of the nature
of the exposure environment. It was stated that for situations
involving unrestricted exposure of the body, the protection
guides are understood to result in energy deposition averaged
over the entire body mass for any 6-min period of about 144
joules per kilogram (J/kg) or less. This is equivalent to a SAR
of about 0.40 watts per kilogram (W/kg) or less, as specially
and temporally averaged over the entire body mass.
The IEEE standard [63] chooses the averaging time of 30
mins for whole body exposure and 6 mins for local exposure.
A time averaged exposure calculated over a whole body shall
meet the corresponding whole body exposure reference levels
(ERLs) regardless of the waveforms, including pulsed fields.
According to the standard, the local exposure ERLs are set at
4 times the corresponding whole-body ERL, for frequencies
above 2 GHz. (Recall that this paper investigates the EMF
exposure at 2.4 and 60 GHz, which is above 2 GHz.)
D. Assumption of Worst-Case Exposure
It is important to note that this paper considers the the-
oretical maximum exposure that a human user can experi-
ence. As introduced in Section II-F, several SAR mitigating
techniques have been proposed: e.g., transmit power control
[59][60]. However, this paper does not consider adoption of
5such mitigation techniques in the SAR definitions presented
in Eqs. (1) through (3). It is to guide the consumers towards
such a way that the most conservative safety suggestions are
provided.
IV. SAR MEASUREMENT METHODOLGY
Now, this section provides technical details on the standard
methodology of SAR measurements for compliance tests.
Manufacturers of EMF-radiating devices pay serious attention
to the tests since any negative test result can require a design
change that can negatively impact project cost and schedule
[70].
A. Measurement Model
1) Complexity of SAR Modeling: The distribution of SAR
in a biological body is complicated since the tissue con-
stitution is differentiated by the body parts [71]. As such,
computer simulations are often used to characterize the inter-
action between an antenna and a load for safety assessment.
However, modeling of complex antenna-load structures to
match realistic physical conditions using EMF simulations
is not straightforward [72][73], and possible discrepancies
between simulated and manufactured devices may undermine
the accuracy of EMF safety assessment [74]. For this reason,
although simulations are still popularly used to conduct initial
evaluations [75], the majority of EMF-emitting devices are
tested using physical probes [76]. This setting with a physical
probe is also known as a “conventional SAR measurement”
system [77].
2) Time-Average SAR Measurement: In a conventional SAR
measurement system, a liquid-filled model is often used to
represent electrical characteristics of body tissues on which a
physical electric field probe is applied. Hence, in a conven-
tional measurement setup, the invasiveness of the method, time
consumed, and calibration requirements of the probe make the
measurement cumbersome and inefficient [65].
B. Current Measurement Methodology
Currently, the most popular measurement methodology to
obtain official SAR measurements is the dosimetric assessment
system (DASY) [78].
1) Setup of DASY: Fig. 1 shows how a SAR measurement
can be set up with the DASY. As illustrated in Fig. 1a, a
DASY system is made up of a high precision robot (the
yellow-colored robot as also shown in Fig. 1b), a probe
alignment sensor, a phantom, a robot controller, a controlled
measurement server, a data acquisition electronics (DAE), and
a probe. The robot includes 6 axes that can move to the
precision position defined by the DASY software. The DASY
software can define the area that is detected by the probe. The
SAR measurement is conducted with the dosimetric probe,
which is specially designed and calibrated for use in liquid,
with high permittivity. The dosimetric probe has a special
calibration in liquid at different frequencies.
(a) An example setup [79]
(b) Schematic [93]
Fig. 1: A typical setup of DASY
2) Measurement of Time-Averaged SAR: In a DASY, a
time-averaged SAR is calculated by specifying the device
dimensions first in the project setup [78]. Next, the phantom
section, test distance, the position of the device under test
(DUT), and communications system are specified. The area
scan and zoom scan are performed accordingly. The duration
of the scan is specified in the scan duration field. The default
value is 6 minutes, compliant with the current safety guideline
[63].
A typical measurement procedure can be summarized as
follows [76]:
• SAR Reference Measurement: Before a time-average SAR
test, a local SAR is measured at a stationary reference
point where the SAR exceeds the lower detection limit
of the measurement system.
• Area Scan: Once a reference is found, it is necessary to
determine peak SAR positions. An electric field probe
moves through the tissue-equivalent liquid in a specific
anthropomorphic mannequin (SAM) or a flat phantom
to find the approximate location of the SAR peak. The
distance between the phantom and the probe has to be
more than half the probe diameter; otherwise, the peak
6SAR is measured at a higher value than actual and in
turn the uncertainty is increased. The measured values
are interpolated to determine peak locations. The rationale
of the interpolation is that a sensor behind a probe tip is
usually not able to measure a local peak SAR occurring
at the surface of homogeneous phantoms [79].
• Zoom Scan: The goal of a zoom scan is to determine cube
averaged SAR. Zoom scans surrounding one or more of
these peak locations are performed to finally determine
the value of a peak spatial-average SAR.
3) Controversy: In the design of a SAR measurement
method, the main challenge is how to efficiently mock the
human body in a test setup. The reason is that it is difficult to
account for the numerous critical variables affecting the test
responses–i.e., the subject’s age, the amount of subcutaneous
fat, the physical condition of the individual, etc [82].
This complexity has been noted recently in practice. It is
claimed that the current SAR measurement methodology is not
general enough to “represent” the diverse characteristics of a
human body [36]. The methodology was developed in 1989
and the dummy head, which is used for the measurements,
is equivalent to that of a 6 feet 2-inch person weighing
220 pounds. The human brain is represented by a simple
mixture of water and electrolytes, and the massive head is
subjected to only 6 minutes of peak activity before taking the
measurements. Although these are only some of the issues of
the test, they are enough to show that it may not represent an
average person’s usage in 2019.
The similar inefficiency occurs when a measurement is con-
ducted using animal subjects. Previous studies have produced
conflicting evidence regarding the health effects of exposure
to EMF due to methodological differences in experimental
setups, exposure durations, the animal models used, and the
behavioral test(s) used to asses learning and/or memory [83].
C. Recent Proposal on EMF Exposure Measurement Method-
ology
In order to address the aforementioned issues on the current
SAR measurement methodology, recent studies have proposed
alternative approaches to assess the human EMF exposure.
1) Temperature Measurement: In addition to the electric
field probe dosimetry systems, a temperature-based dosimetry
system was proposed using an array of optical fiber thermal
sensors positioned inside a phantom, showing good agreement
with electric field probe measurements [84]. However, spatial
resolution has been limited because of the large number of
temperature probes that need to be positioned inside the
phantom invasively.
Recently, it has been shown that magnetic resonance imag-
ing (MRI) temperature mapping has been used to quantify
EMF energy deposition induced by MRI coils [85]-[87] and
other antennas [88][89], where both radio frequency (RF)
heating and temperature mapping were conducted inside the
bore of the MRI scanner.
2) Chronic Exposure: The National Toxicology Program
(NTP) [91] of the National Institute of Environmental Health
Sciences (NIEHS) defines a cancer bioassay as “exposure
TABLE I: SAR and key parameters for AirPod, Fitbit and
Snap wearable video camera [98]-[102]
Wearable Device Parameter 802.11b Bluetooth
Frequency N/A 2441
Spacing (mm) N/A 10
Apple AirPod A2031, Conducted Power [dBm] N/A 12.5
Left ear (next to mouth) Duty Cycle (percentage) N/A 100
Reported SAR (averaged over 1 g) [W/Kg] N/A 0.071
Frequency N/A 2441
Spacing (mm) N/A 0
Apple AirPod A2031, Conducted Power [dBm] N/A 12.5
Left ear (body-mounted) Duty Cycle (percentage) N/A 100
Reported SAR (averaged over 10 g) [W/Kg] N/A 0.501
Frequency N/A 2441
Spacing (mm) N/A 10
Apple AirPod A2032, Conducted Power [dBm] N/A 12.5
Right ear (next to mouth) Duty Cycle (percentage) N/A 100
Reported SAR (averaged over 1 g) [W/Kg] N/A 0.095
Frequency N/A 2441
Spacing (mm) N/A 0
Apple AirPod A2032, Conducted Power [dBm] N/A 12.5
Right ear (body-mounted) Duty Cycle (percentage) N/A 100
Reported SAR (averaged over 10 g) [W/Kg] N/A 0.581
Frequency N/A 2441
Spacing (mm) N/A 0
Fitbit xRAFB202 Conducted Power [dBm] 18.3 N/A
Duty Cycle (percentage) 100 N/A
Reported SAR (averaged over 10 g) [W/Kg] 1.124 N/A
Frequency 2437 N/A
Spacing (mm) 0 N/A
Fitbit xRAFB503 Conducted Power [dBm] 18.4 N/A
Duty Cycle (percentage) 100 N/A
Reported SAR (averaged over 10 g) [W/Kg] 0.45 N/A
Frequency 2412 N/A
Spacing (mm) 0 N/A
Snap wearable video camera, Conducted Power [dBm] 12.65 N/A
2AIRN-002 Veronica Duty Cycle (percentage) 92-96 N/A
Reported SAR (averaged over 10 g) [W/Kg] 0.94 N/A
Frequency 2412 N/A
Spacing (mm) 0 N/A
Snap wearable video camera, Conducted Power [dBm] 12.65 N/A
2AIRN-002 Nico Duty Cycle (percentage) 92-96 N/A
Reported SAR (averaged over 10 g) [W/Kg] 1 N/A
of laboratory animals to a chemical, biological, or physical
agent for at least 2 years.” The NTP test also requires that
the exposure level be practically constant over the lifetime of
the subjects and that the animals be free to move within the
individual cages. A recent work [92] presented results of tests
in a room-size exposure chamber capable of housing a large
number of rodents for an NTP assessment of the toxicity and
carcinogenicity of RF signals emitted from widely used cell
phones.
3) Limitations: The major limitation of the MRI-based
temperature measurement is the compatibility of the com-
mercial wireless devices with the MRI. Motivated from the
incompatibility, a recent work proposed a seminal framework
integrating an MRI-compatible dipole antenna and a nonMRI-
compatible mobile phone via phantom temperature change
measurements [77]. This MRI-based measurement technique
has lately been extended to the mmW devices [90].
The chronic exposure studies showed limitations in the
sense that they relied on animals. It has been reported that
animals provide accurate approximation in some parts. For
instance, there are structural similarities and comparable di-
7TABLE II: SAR and key parameters for Apple Watch [103]-[106]
Wearable Device Parameter UMTS 850 UMTS 1750 LTE Band 7 LTE Band 26 802.11b Bluetooth
Frequency 836.6 1732.4 N/A 844 2437 2441
Spacing (mm) 10 10 N/A 10 10 10
Housing Type Stainless Steel Ceramic N/A Stainless Steel Aluminum Ceramic
Apple Watch A1860 (next to mouth) Wrist Band Type Sport Sport N/A Metal Links Sport Sport
Conducted Power [dBm] 22.89 23.43 N/A 22.8 19.47 12.98
Duty Cycle (percentage) 100 100 N/A 100 98.2 100
Reported SAR (averaged over 1 g) [W/Kg] 0.112 0.526 N/A 0.109 0.089 0.094
Frequency 836.6 1732.4 N/A 844 2437 2441
Spacing (mm) 0 0 N/A 0 0 0
Housing Type Ceramic Ceramic N/A Ceramic Aluminum Aluminum
Apple Watch A1860 (body-mounted) Wrist Band Type Sport Metal Links N/A Metal Loop Sport Sport
Conducted Power [dBm] 22.89 23.43 N/A 22.8 19.47 12.98
Duty Cycle (percentage) 100 100 N/A 100 98.2 100
Reported SAR (averaged over 10 g) [W/Kg] 0.026 0.179 N/A 0.024 0.029 0.034
Frequency 836.6 1732.4 N/A 819 2437 2441
Spacing (mm) 10 10 N/A 10 10 10
Housing Type Stainless Steel Ceramic N/A Stainless Steel Aluminum Aluminum
Apple Watch A1861 (next to mouth) Wrist Band Type Sport Sport N/A Metal Links Sport Sport
Conducted Power [dBm] 22.89 23.43 N/A 22.8 19.47 12.98
Duty Cycle (percentage) 100 100 N/A 100 98.2 100
Reported SAR (averaged over 1 g) [W/Kg] 0.112 0.526 N/A 0.109 0.166 0.130
Frequency 836.6 1732.4 N/A 819 2437 2441
Spacing (mm) 0 0 N/A 0 0 0
Housing Type Ceramic Ceramic N/A Ceramic Aluminum Aluminum
Apple Watch A1861 (body-mounted) Wrist Band Type Sport Metal Loop N/A Metal Loop Sport Sport
Conducted Power [dBm] 23 23.5 N/A 22.88 19.47 12.98
Duty Cycle (percentage) 100 100 N/A 100 98.2 100
Reported SAR (averaged over 10 g) [W/Kg] 0.03 0.344 N/A 0.018 0.083 0.070
Frequency 826.4 N/A 2560 819 2437 2441
Spacing (mm) 10 N/A 10 10 10 10
Housing Type Stainless Steel N/A Aluminum Stainless Steel Aluminum Stainless Steel
Apple Watch A1889 (next to mouth) Wrist Band Type Metal Loop N/A Sport Metal Links Sport Sport
Conducted Power [dBm] 23.39 N/A 22.9 22.52 19.49 12.81
Duty Cycle (percentage) 100 N/A 100 100 98.2 100
Reported SAR (averaged over 1 g) [W/Kg] 0.076 N/A 0.29 0.1 0.109 0.107
Frequency 826.4 N/A 2560 819 2437 2441
Spacing (mm) 0 N/A 0 0 0 0
Housing Type Ceramic N/A Aluminum Ceramic Aluminum Aluminum
Apple Watch A1889 (body-mounted) Wrist Band Type Sport N/A Sport Sport Sport Sport
Conducted Power [dBm] 23.39 N/A 22.9 22.52 19.49 12.81
Duty Cycle (percentage) 100 N/A 100 100 98.2 100
Reported SAR (averaged over 10 g) [W/Kg] 0.023 N/A 0.146 0.024 0.036 0.033
Frequency 836.6 N/A 2510 819 2437 2441
Spacing (mm) 10 N/A 10 10 10 10
Housing Type Stainless Steel N/A Stainless Steel Ceramic Aluminum Aluminum
Apple Watch A1891 (next to mouth) Wrist Band Type Metal Links N/A Sport Metal Links Sport Sport
Conducted Power [dBm] 23.11 N/A 23.04 21.87 19.49 12.81
Duty Cycle (percentage) 100 N/A 100 100 100 100
Reported SAR (averaged over 1 g) [W/Kg] 0.134 N/A 0.354 0.11 0.144 0.176
Frequency 836.6 N/A 2535 819 2437 2441
Spacing (mm) 0 N/A 0 0 0 0
Housing Type Ceramic N/A Ceramic Ceramic Aluminum Aluminum
Apple Watch A1891 (body-mounted) Wrist Band Type Sport N/A Sport Metal Loop Sport Sport
Conducted Power [dBm] 23.11 N/A 22.9 22.83 19.49 12.81
Duty Cycle (percentage) 100 N/A 100 100 100 100
Reported SAR (averaged over 10 g) [W/Kg] 0.028 N/A 0.178 0.021 0.085 0.102
mensions of the eyes between rabbits and humans, which
makes possible the use of the same power density threshold
[97]. Nevertheless, it is usually complicated to extrapolate
scientific findings using animals to humans due to different
biochemical characteristics from humans [94].
The key discrepancy in the result of SAR measurements
have been discussed in detail [95]. The peak temperature
elevation in the human brain was lower than that in the rat
model, mainly because of difference in depth from the scalp.
Moreover, the thermal damage is differentiated between
rats and humans. The damage depends on tissue sensitivity,
temperature, and exposure time. The cumulative equivalent
minutes at 430C are used as a model to calculate the thermal
dose [96]. In this evaluation, the thermal time constant is es-
sential. Focusing on the brain, which is a highly heat-sensitive
tissue, the thermal time constant in humans was more than
twice that in rats. Thus, the exposure time required for thermal
damage is correspondingly increased. Furthermore, because
the characteristics of the temperature rise of deep tissues in rats
and humans are different, extrapolation from small animals to
humans in deep tissues needs further attention.
As such, this paper suggests that the improvement in the
8SAR measurement methodology takes place in the line of
improving the aforementioned two technical limitations.
V. ANALYSIS OF SAR DATA FROM COMMERCIAL
WEARABLE COMMUNICATIONS DEVICES
We understand the widespread curiosity on the safety of
using the commercial wearable communications devices. Mo-
tivated from the interest, we provide an extensive investigation
on the SAR levels of the wearable communications devices
that are in the market, which distinguishes this work from
prior surveys [4][16][17]. The SAR values that are discussed
in this section are either (i) revealed in each product’s data
sheet or (ii) in case not disclosed, calculated based on the
analysis and measurement methods discussed in Sections III
and IV, respectively.
A. Apple AirPod, Fitbit, and Snap Wearable Video Camera
Table I lists the SARs for Apple AirPod, Fitbit, and Snap
wearable video camera. Notice that for accurate understanding,
along with the SAR, other technical details are also provided–
i.e., the carrier frequency, physical spacing from the skin,
conducted power, and duty cycle of a signal.
It is also noteworthy that the amount of mass for calculation
of a SAR differs according to the body part on which the
device is worn–i.e., averaged over 1 g and 10 g for head and
body, respectively. For instance, the first two rows of Table I
indicate Apple AirPod A2031. The SAR averaging mass for
SAR evaluation is 1 g and 10 g when worn (i) next to mouth
and (ii) on body, respectfully.
Devices that are designed to be worn on the wrist may
operate in speaker mode for voice communication, with the
device worn on the wrist and positioned next to the mouth.
When next-to-mouth SAR evaluation is required, the device
is positioned at 10 mm from a flat phantom filled with head
tissue-equivalent medium. The device is evaluated with wrist
bands strapped together to represent normal use conditions.
Devices that are designed or intended for use on extremities
or mainly operated in extremity only exposure conditions; i.e.,
hands, wrists, feet, and ankles, may require extremity SAR
evaluation. In this case, the device is evaluated with the back
of the device touching the flat phantom, which is filled with
a body tissue-equivalent medium.
The devices that are listed in Table I operate based on two
wireless technologies–namely, IEEE 802.11b and Bluetooth.
The carrier frequency is a key factor that dominates the level
of SAR [18]. The rationale is inferred from Eq. (3). A wave
with a higher frequency penetrates shallower to the human
skin, which in turn lowers δ and hence increases the SAR.
Since 802.11b and Bluetooth operate at the same frequency
of 2.4 GHz, we defer the discussion on the impact of carrier
frequency for now.
AirPod shows higher SARs for operating based on Blue-
tooth. According to Table I, the SAR for AirPods is 0.581
W/kg for the left earbud and 0.501 W/kg for the right ear.
That makes for a combined 1.082 W/kg when worn in both
ears. In comparison, the SAR for an iPhone XS is 1.19 W/kg,
or just 10% more than that of the AirPods [81].
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Fig. 2: SAR versus frequency for Apple A1889 and A1891
B. Apple Watch
Table II SAR and the other parameters for Apple Watch
series, which operate in a wider selection of spectrum bands–
i.e., UMTS at 850 and 1750 MHz, LTE in Band 7 and 26,
IEEE 802.11b, and Bluetooth.
During testing, Apple Watch radios were set to their highest
transmission levels and placed in positions that simulate a
normal use with 10 mm separation, for a use against the head,
and no separation, for one against the wrist [80].
Looking across the Apple Watch Series 4 models, the
highest SARs are found as 0.37 W/kg, 0.17 W/kg, and 0.13
W/kg, in cellular transmission, Wi-Fi, and Bluetooth, respec-
tively. The model also supports simultaneous transmission
(i.e., cellular plus Wi-Fi), which yields the SAR of 0.50 W/kg.
Notice that all of these four values fulfill the current safety
guidelines. (Recall 1.6 W/Kg and 2.0 W/Kg by the FCC [64]
and ICNIRP [52], respectively.)
As an example, Figs. 2a and 2b illustrate the SAR of Apple
A1889 and A1891 versus the carrier frequency. Commonly
from the two figures, one can observe a general pattern
9showing that the SAR increases as the frequency gets higher.
The rationale can be recalled from the definition of a SAR,
which has the ‘penetration depth’ in its denominator: a higher
carrier frequency yields a smaller penetration depth. In other
words, although the EMF with a higher frequency travels to
a shallower point into human skin, a greater amount of EMF
energy is absorbed.
VI. HUMAN EMF EXPOSURE IN WERABLE
COMMUNICATIONS OPERATING IN MMW SPECTRUM
A. Motivation
The potential of mmW frequencies for wearable communi-
cations is enormous for applications requiring Gbps through-
put. Such networks might use wireless standards including 5G
[107] or IEEE 802.11ad/ay [108], based on which commercial
products are already available.
As have been observed in Eq. (3), the major concern
regarding wearable communications in mmW is higher SAR
due to the extremely small penetration depth, δ, as shown in
Eq. (3).
Moreover, some tissues (e.g., eyes) are especially vulnerable
to mmW radiation-induced heating and require more attention
[15]. It is necessary to continually update regulations based
on new materials, frequencies, device types, and transmitted
powers. Additionally, manufacturers must be educated with
the newest research/regulations to better address consumer
concerns and promote this new technology.
Out of various spectrum bands, this paper focuses unli-
censed bands, which enable cheaper and less complex devices
(as well as longer battery life), all of which are desirable
for wearable communications and networking [15]. The 2.4
GHz industrial, scientific, and medical (ISM) band has already
long been coveted by numerous unlicensed communications
systems. The FCC recently opened up an additional 7 GHz
of spectrum available for unlicensed use through 64-71 GHz,
which now provides a historic 14 GHz of contiguous chunk
through 57-71 GHz–also known as the 60 GHz band [107].
Therefore, this paper considers a wearable communications
environment with two different carrier frequencies–i.e., 2.4
GHz and 60 GHz. It enables a comparison of the impacts
of carrier frequency on the human EMF exposure. Adopting
two different operating frequencies differentiates wearable
communications environments. The adopted parameters for the
two scenarios are summarized in Table III.
B. Antenna Pattern
We adopt the general antenna pattern equation given by
[107]
G (θ) = Gmax − exp (−2pijδ sin θ) [dB] (5)
where δ denotes the antenna element separation distance, and θ
denotes a general angle. Notice that both azimuth and elevation
angles are assumed to affect the antenna gain based on Eq. (5).
The parameters θ3db and Am for a wearable environment are
considered as 93◦ [109] and 30 dB, respectively.
It is more desirable to assume a continuous line-of-sight
(LOS) [110] link between a wearable device and the human
TABLE III: Parameters for on-body wearable communications
Parameter 60 GHz 2.4 GHz
Bandwidth 2.16 GHz [110] 93 MHz [109]
Max antenna gain 11.9 dBi [112] 10.1 dBi
Transmit power 10 dBm 2 dBm [113]
Antenna elements 16 [110] 4
Path loss model Free space path loss (FSPL)
Receiver gain 10 dBi
Receiver noise figure 6 dB
Temperature 290 K
body. Based on this rationale, this paper adopts a free space
path loss (FSPL) model for calculation of a path loss, which
is formally written as
PL = 20 log(d) + 20 log(f)− 27.55 [dB] (6)
where d (m) is the distance between the antennas and f (MHz)
represents the operating frequency.
1) Wearable Antenna at 2.4 GHz: Different communication
links require different radiation patterns for the wearable
operation. When two on-body devices communicate, an omni-
directional pattern seems to meet the requirements. However,
when an on-body sensor communicates with an off-body
device, a broadside pattern (or patch-like pattern) is more
desirable. To support these two operating states, a patch like
reconfigurable pattern has been reported [111] where the
antenna can change its resonance to support both states with
the same frequency.
The problem with EMF transmissions at 2.4 GHz is more
“spread,” not just towards the intended recipient. As such, for
2.4 GHz, this paper assumes a microstrip patch antenna which
is more of omni-directional in pattern on a certain plane as
demonstrated in Fig. 3a.
2) Wearable Antenna at 60 GHz: It is the opposite in
communications at 60 GHz. To overcome high attenuation, a
communications system in the band usually adopts a “highly
directive” radiation pattern.
This matches the need in wearables. Commonly, wearable
antennas are expected to be low-profile, lightweight, compact,
and conformable to the body shape. As such, at 60 GHz, an
end-fire pattern has been proposed [112]. In such a pattern,
the direction of maximum radiation can be set parallel to the
body surface. Also, a microstrip-fed Yagi-Uda antenna meets
these specifications [112]. Fig. 3b shows the antenna pattern
of a Yagi-Uda antenna operating at 60 GHz which shows more
of a directive radiation pattern compared to the one used at
2.4 GHz. We assumed 16 directors for the 60 GHz pattern as
described in Table III.
C. SAR Evaluation
Fig. 4 represents the human EMF exposure from wearable
devices in terms of SAR. The result suggests that the average
SAR measured at a certain distance from a wearable device
can exceed the existing ICNIRP or FCC guidelines.
Fig. 4b shows a zoomed-in display for the range of [0,
5] cm of Fig. 4a. It provides a closer investigation of the
minimum safe distance between the wearable devices that are
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Fig. 3: Example antenna patterns for wearable communications
mounted on the garments of the human body and the human
skin. It can be suggested from Fig. 4b that for a wearable
device operating at 60 GHz, a separation distance of 12 and
15 mm are required according to the current ICNIRP and
FCC guidelines, respectively. However, the SAR for operating
frequency at 2.4 GHz remains far below the guideline from
the very first point.
Although one can consider this distance to be very minimal,
for a wearable environment, this small distance should also
be taken into account for designing wearable devices on the
human body. For instance, if a soldier is wearing an on-body
device that is mounted on his smart glasses or the VR helmet,
its radiation can impact sensitive organs like the eyes or the
human brain. The adaptation of (i) higher number of antenna
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Fig. 4: SAR comparison between 2.4 GHz and 60 GHz
directors and (ii) higher transmit power are the primary reasons
for the elevation of this human EMF exposure at 60 GHz.
As noted previously, this elevation in SAR can increase the
temperature at the surface of the human skin which may have
a lethal impact on the human body when dosed in a continued
manner or over a long-term period [62].
VII. CONCLUSIONS
This paper has presented (i) a mathematical framework
for SAR analysis, (ii) state-of-the-art standards and mea-
surement methodologies, (iii) exact SAR levels of currently
sold wearable devices, and (iv) simulation results of SAR
levels evaluated at 60 GHz. The mathematical framework
informed how exactly the SAR is measured: i.e., definition
of SAR, derivation of SAR according to different variables,
and an average over time. Then, this paper showed how the
time-averaged SAR is actually measured in the current SAR
measurement methodologies for standard compliance tests.
Based on these mathematical expressions and measurement
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methodologies, some popular commercial products were inves-
tigated on their SAR levels. Considering the latest paradigm
shift to mmW communications, this paper evaluated the SAR
measured at 60 GHz and compared it to that at 2.4 GHz.
Although the current guidelines do not regulate SAR at 60
GHz, inferring the guidelines defined at lower frequencies,
wearable communications at 60 GHz were found to cause
SAR exceeding the guidelines. The separation distances were
12 and 15 mm, according to ICNIRP and FCC, respectively.
The suggestions of this paper are clear: in order to better
mitigate consumer concerns and promote this new technology,
we urge to keep (i) the general public informed of the latest
information on the commercial wearable devices; (ii) the re-
lated safety regulations up to date; and (iii) the manufacturers
educated about the newest research and regulations.
REFERENCES
[1] K. Venugopal and R.W. Heath, “Millimeter wave networked wearables
in dense indoor environments,” IEEE Access, vol. 4, Mar. 2016.
[2] D. Dias and J. Paulo Silva Cunha, “Wearable health devicesvital sign
monitoring, systems and technologies,” Sensors, vol. 18, no. 8, Aug.
2014.
[3] L. Bell, “Best health gadgets 2018,” Forbes, Mar. 2018. [On-
line]. Available: https://www.forbes.com/sites/leebelltech/2018/03/26/
best-health-tech-and-fitness-gadgets-2018/#3d9c74c73c07
[4] EasyChair, “Utilization of wearable technology,” Jan. 2019. [Online].
Available: https://easychair.org/publications/preprint/tFVT
[5] T.M. Fernandez-Carames and P. Fraga-Lamas, “Towards the internet of
smart clothing: a review on IoT wearables and garments for creating
intelligent connected e-textiles,” MDPI Electron., vol. 7, iss. 12, Dec.
2018.
[6] S. Seneviratne et al., “A survey of wearable devices and challenges,”
IEEE Commun. Surveys Tut., vol. 19, no. 4, Fourth quarter 2017.
[7] Z. Yang, Z. Wang, J. Zhang, C. Huang, and Q. Zhang, “Wearables can
afford: light-weight indoor positioning with visible light,” Proc. ACM
MobiSys, 2015.
[8] Y. H. Lee, and G. Medioni, “RGB-D camera based wearable navigation
system for the visually impaired,” Comput. Vis. Image Understand., vol.
149, Aug. 2016.
[9] Apple Inc., “Apple pay: simple, secure and private,” 2016. [Online].
Available: https://www.apple.com/apple-pay/
[10] Visa Inc., “Payment technology,” 2016. [Online]. Available: https://www.
visa.com.au/visa-everywhere/future-of-payments.html
[11] M. Vidal, J. Turner, A. Bulling, and H. Gellersen, “Wearable eye tracking
for mental health monitoring,” Comput. Commun., vol. 35, no. 11, 2012.
[12] J. Wijsman, B. Grundlehner, H. Liu, H. Hermens, and J. Penders,
“Towards mental stress detection using wearable physiological sensors,”
Proc. IEEE Eng. Med. Biol. Soc. (EMBC), 2011.
[13] D. Anzaldo, “Wearable sports technology-market landscape and compute
SoC trends,” Proc. IEEE Int. SoC Design Conf. (ISOCC), Nov. 2015.
[14] P. Olson, “Wearable tech is plugging into health insurance,” Forbes, Jun.
2014. [Online]. Available: https://www.forbes.com/sites/parmyolson/
2014/06/19/wearable-tech-health-insurance/#aee84ff18bd5
[15] H. Sun, Z. Zhang, R. Q. Hu, and Y. Qian, “Wearable communications
in 5G: challenges and enabling technologies,” IEEE Veh. Technol. Mag.,
Sep. 2018
[16] J. Trajkovikj and A.K. Skrivervik, “Comparison of SAR of UHF
wearable antennas,” In EuCAP Apr. 2016.
[17] T.M. Fiedler, M.E. Ladd, and A.K. Bitz, “SAR simulations & safety,”
Elsevier Neurolmage, vol. 168, Mar. 2018.
[18] I. Nasim and S. Kim, “Human EMF exposure in wearable networks for
internet of battlefield things,” in Proc. IEEE MILCOM 2019.
[19] K. Hartman, Make: wearable electronics: design, prototype, and wear
your own interactive garments, Maker Media, Aug. 2014.
[20] E. Sazonov and M. R. Neuman, Wearable sensors: fundamentals,
implementation and applications, Elsevier, Aug. 2014.
[21] A. Pantelopoulos and N. G. Bourbakis, “A survey on wearable sensor-
based systems for health monitoring and prognosis,” IEEE Trans. Syst.,
Man, Cybern., Part C (Applications and Reviews), vol. 40, no. 1, 2010.
[22] A. Pantelopoulos and N. Bourbakis, “A survey on wearable biosensor
systems for health monitoring,” in Proc. IEEE Engineering in Medicine
and Biology Society, 2008.
[23] M. M. Baig, H. Gholamhosseini, and M. J. Connolly, “A comprehensive
survey of wearable and wireless ECG monitoring systems for older
adults,” Med. Biol. Eng. Comput., vol. 51, no. 5, 2013.
[24] O. D. Lara and M. A. Labrador, “A survey on human activity recognition
using wearable sensors,” IEEE Commun. Surveys Tut., vol. 15, no. 3,
3rd Quart., 2013
[25] D. Dakopoulos and N. G. Bourbakis, “Wearable obstacle avoidance
electronic travel aids for blind: A survey,” IEEE Trans. Syst., Man,
Cybern. C, Appl. Rev., vol. 40, no. 1, Jan. 2010.
[26] F. Wang, W. Zhang, and W. Luo, “An empirical evaluation on vibrotactile
feedback for wristband system,” Hindawi Mobile Informat. Syst., Dec.
2018.
[27] T. Roumen, S.T. Perrault, and S. Zhao, “Notiring: a comparative study
of notification channels for wearable interactive rings,” in Proc. ACM
Conf. Human Factors Comput. Sys. 2015.
[28] S. V. B. Peddi, P. Kuhad, A. Yassine, P. Pouladzadeh, S. Shirmo-
hammadi, and A. A. N. Shirehjini, “An intelligent cloud-based data
processing broker for mobile e-health multimedia applications,” Future
Generat. Comput. Syst. J., vol. 66, Jan. 2017.
[29] Website of EMFscientist.org, [Online]. Available: https://emfscientist.
org/
[30] A. Razani, “Are wearables exposing us to unwanted health risks?,”
Readwrite, Apr. 2016. [Online]. Available: https://readwrite.com/2016/
04/13/wearables-health-risks-radiation-dl4/
[31] H. Brueck, “There’s a rumor that AirPods and other wireless headphones
cause cancer, but the truth is more complicated,” [?], Nov. 2019.
[Online]. Available: https://www.businessinsider.com/do-airpods-cause-
cancer-2019-3
[32] B.N. Frank, “Fitbit recalls due to rashes. Reports of dizziness,
erratic pulse, nausea, pain, and headaches,” Oct. 2018. [Online].
Available: https://smombiegate.org/fitbit-recalls-due-to-rashes-reports-
of-dizziness-erratic-pulse-nausea-pain-headaches/
[33] J. Mitchell, “Fitbit-radiation concerns,” Jun. 2019. [Online]. Available:
https://beatemf.com/Fitbit-radiation/
[34] CBS New York, “Dangerous side effects reported from popular fit-
ness trackers,” CBS New York, May 2018. [Online]. Available: https:
//newyork.cbslocal.com/2018/05/21/fitbit-fitness-fail/
[35] K. Zraick and S. Mervosh, “That sleep tracker could make your
insomnia worse,” The New York Times, Jun. 2019. [Online]. Available:
https://www.nytimes.com/2019/06/13/health/sleep-tracker-insomnia-
orthosomnia.html
[36] G. Zarkov, “Are wireless earphones safe?,” May. 2019. [Online].
Available: https://www.phonearena.com/news/how-safe-are-wireless-
earphonesAirPods-Galaxy-Buds id115728
[37] Apple, “Apple watch battery,” Apple official website. [Online]. Available:
https://www.apple.com/watch/battery/
[38] D.A. Stewart, T.R. Gowrishankar, and J.C. Weaver, “Skin heating and
injury by prolonged millimeter-wave exposure: theory based on a skin
model coupled to a whole body model and local biochemical release
from cells at supraphysiologic temperatures,” IEEE Trans. Plasma Sci.,
vol. 34, no. 4, Aug. 2006.
[39] “10 ways to avoid radiation from your gadgets,” Medium, Dec. 2015.
[Online]. Available: https://medium.com/@babulous/10-ways-to-avoid-
radiation-from-your-gadgets-81cfd47ec63d
[40] T. Wu, T. Rappaport, and C. Collins, “Safe for generations to come: con-
siderations of safety for millimeter waves in wireless communications,”
IEEE Microw. Mag., vol. 16, no. 2, 2015.
[41] M. Pall, “Wi-Fi is an important threat to human health,” Elsevier
Environmental Research, vol. 164, Mar. 2018.
[42] M. Markov, Mobile communications and public health, CRC Press,
2019.
[43] T. Samaras and N. Kuster, “Theoretical evaluation of the power trans-
mitted to the body as a function of angle of incidence and polarization
at frequencies >6 GHz and its relevance for standardization,” Bioelec-
tromagn., vol. 40, no. 2, Feb. 2019.
12
[44] E. Neufeld, E. Carrasco, M. Murbach, Q. Balzano, A. Christ, and N.
Kuster, “Theoretical and numerical assessment of maximally allowable
power-density averaging area for conservative electromagnetic exposure
assessment above 6 GHz,” Bioelectromagn., vol. 39, no. 8, Dec. 2018.
[45] E. Neufeld and N. Kuster, “Systematic derivation of safety limits for
time-varying 5G radiofrequency exposure based on analytical models
and thermal dose,” Health Phys., Sep. 2018.
[46] T. S. Aldad, G. Gan, X. Gao, and H.S. Taylor, “Fetal radiofrequency
radiation exposure from 800-1900 Mhz-rated cellular telephones affects
neurodevelopment and behavior in mice,” Scientific Reports, Mar. 2012.
[47] CBS SF BayArea, “Apple unveils iPhone 7 without headphone jack, up-
dated smartwatch,” Sep. 2016. [Online]. Available: https://sanfrancisco.
cbslocal.com/2016/09/07/apple-iphone-7-launch-event/
[48] EMF ADVICE, “Apple watch radiation: health concerns and protection
tips,” 2019. [Online]. Available: https://emfadvice.com/apple-watch-
radiation-concerns-protection/
[49] S. Szmigielski, A. Bortkiewicz, E. Gadzicka, M. Zmyslony, and R.
Kubacki, “Alteration of diurnal rhythms of blood pressure and heart
rate to workers exposed to radiofrequency electromagnetic fields,” Blood
Press Monit., vol. 3, no. 6, 1998.
[50] Federal Communications Commission, “Specifc absorption rate (SAR)
for cellular telephones,” 2012. [Online]. Available: https://www.fcc.gov/
general/cell-phones-and-specific-absorption-rate
[51] Federal Communications Commission, “Evaluating compliance with
FCC guidelines for human exposure to radiofrequency electromagnetic
fields,” Supplement C edition 01-01 to OET bulletin 65 edition 97-01,
Jun. 2001.
[52] International commission on non-ionizing radiation protection, “ICNIRP
guidelines: for limiting exposure to time-varying electric, magnetic and
electromagnetic fields (up to 300 GHz),” Health Phys., vol. 99, no. 6,
2010.
[53] Federal Communications Commission, “Wireless-devices-and-health-
concerns,” Aug. 2018. [Online]. Available: https://www.fcc.gov/
consumers/guides/wireless-devices-and-health-concerns
[54] T. Wu, T. Rappaport, and C. Collins, “The human body and millimeter-
wave wireless communication systems: Interactions and implications,”
in Proc. IEEE Int. Conf. Commun. (ICC), 2015.
[55] FCC ID.io, “SAR-Test-Report-4197534,” 2019. [Online]. Available:
https://fccid.io/2AHZ7100602018/RF-Exposure-Info/SAR-Test-Report-
4197534
[56] H. M. Madjar, “Human radio frequency exposure limits: an update of
reference levels in Europe, USA, Canada, China, Japan and Korea.” In
Proc. IEEE Int. Symp. Electromagn. Compat., EMC EUROPE, pp. 467-
473, 2016.
[57] Legal, “Apple watch RF exposure information,” [Online]. Available:
https://www.apple.com/legal/rfexposure/watch1,2/en/
[58] M. Castellanos, D. Love, and B. Hochwald, “Hybrid precoding for
millimeter wave systems with a constraint on user electromagnetic
radiation exposure,” in Proc. Asilomar Conf. Signals, Syst. and Comput.,
Nov. 2016.
[59] Y. A. Sambo, F. Heliot, and M. Imran, “Electromagnetic emission-aware
scheduling for the uplink of coordinated OFDM wireless systems,” in
Proc. IEEE Online Conf. Green Commun. (OnlineGreenComm), 2015.
[60] P. Baracca, A. Weber, T. Wild, and C. Grangeat, “A statistical approach
for RF exposure compliance boundary assessment in massive MIMO
systems,” in Int. ITG Workshop Smart Ant., Mar. 2018.
[61] G. Ahmed et al., “Rigorous analysis and evaluation of specific absorption
rate (SAR) for mobile multimedia healthcare,” IEEE Access, vol. 6, May
2018.
[62] M. Ziskin, S. Alekseev, K. Foster, and Q. Balzano “Tissue models for
RF exposure evaluation at frequencies above 6 GHz,” Bioelectromagn.,
vol. 39, no. 3, Apr. 2018.
[63] Draft standard for safety levels with respect to human exposure to the
radio frequency electromagnetic fields, 0 Hz to 300 GHz, IEEE Standard
PC95.1/D3.5, Oct. 2018.
[64] FCC, “Evaluating compliance with FCC guidelines for human exposure
to radiofrequency electromagnetic fields,” Supplement C Edition 01-01
to OET Bulletin 65 Edition 97-01, Jun. 2001.
[65] V. Karthik and T. R. Rao, “SAR investigations on the exposure com-
pliance of wearable wireless devices using infrared thermography,”.
Bioelectromagnetics, vol. 39, no. 6, 2018.
[66] I. Nasim and S. Kim, “Human RF exposure mitigation in downlink of
mmW cellular systems.” Springer Annals of Telecommunications, vol.
74, iss. 1-2, Feb. 2019.
[67] Y. Okano, K. Ito, I. Ida, and M. Takahashi, “The SAR evaluation method
by a combination of thermographic experiments and biological tissue-
equivalent phantoms,” IEEE Trans. Microw. Theory Techn., vol. 48, no.
11, Nov. 2000.
[68] N. Chahat, M. Zhadobov, L. Le Coq, S. Alekseev, and R. Sauleau,
“Characterization of the interactions between a 60-GHz antenna and the
human body in an off-body scenario,” IEEE Trans. Antennas Propag.,
vol. 60, no. 12, 2012.
[69] ANSI C95.1-1982, American national standard safety levels with respect
to human exposure to 8592 radio frequency electromagnetic fields, 300
kHz to 100 GHz, 1982.
[70] Silex technology, “Does your product need to be tested for SAR?,” Oct.
2015. [Online]. Available: https://www.silextechnology.com/unwired/
sar-testing
[71] A. Hirata, O. Fujiwara, and T. Shiozawa, “Correlation between peak
spatial-average SAR and temperature increase due to antennas attached
to human trunk,” IEEE Trans. Biomed. Eng., vol. 53, no. 8, Aug. 2016.
[72] M. Brishoual, C. Dale, J. Wiart, and J. Citerne, “Methodology to
interpolate and extrapolate SAR measurements in a volume in dosimetric
experiment,” IEEE Trans. Electromagn. Compat., vol. 43, iss. 3, Aug.
2001.
[73] N. Chavannes, R. Tay, N. Nikoloski, and N. Kuster, “Suitability of
FDTD-based TCAD tools RF design of mobile phones,” IEEE Antennas
Propag. Mag., vol. 45, iss. 6, Dec. 2003.
[74] T. Schmid, O. Egger, and N. Kuster, “Automated E-field scanning system
for dosimetric assessments,” IEEE Trans. Microw. Theory Techn., vol.
44, iss. 1, Jan. 1996.
[75] G. Bit-Babik, A.W. Guy, C.K. Chou, A. Faraone, M. Kanda, A. Gessner,
J. Wang, and O. Fujiwara, “Simulation of exposure and SAR estimation
for adult and child heads exposed to radiofrequency energy from portable
communication devices,” Radiation Research, vol. 163, no. 5, May 2005.
[76] IEEE, “IEEE recommended practice for determining the peak spatial-
average specific absorption rate (SAR) in the human head from wireless
communications devices: measurement techniques,” IEEE Std 1528-
2013, Sep. 2013.
[77] L. Alon, G.Y. Cho, X, Yang, D.K. Sodickson, and C.M. Deniz “A
method for safety testing of radiofrequency/microwaveemitting devices
using MRI,” Magnetic resonance in medicine, vol. 74, no. 5, Nov. 2015.
[78] DASY6 Application Note, “SAR Measurements with cDASY6,”
Jan. 2019. [Online]. Available: https://speag.swiss/assets/downloads/
application-notes/AppNoteTimeAveragedSAR.pdf
[79] J. C. Wang, E. G. Lim, M. Leach, Z. Wang, K. L. Man, and Y. Huang,
“Two methods of SAR measurement for wearable electronic devices,”
in Proc. the Internat. MultiConference of Engineers and Computer
Scientists, March. 2016.
[80] Apple, “Apple watch (42mm) RF exposure information,” Apple official
website. [Online]. Available: https://www.apple.com/legal/rfexposure/
watch1,2/en/
[81] J. M. Moskowitz, “Are Apple’s new wireless earbuds safe?,” Mar.
2019. [Online]. Available: https://www.saferemr.com/2016/09/airpods-
are-apples-new-wireless-earbuds.html
[82] F.G. Shellock, “Radiofrequency energy-induced heating during MR
procedures: a review,” J. Magnetic Resonance Imaging, vol. 12, no. 1,
Jul. 2000.
[83] K. Wang, J. Lu, Z. Xing, Q. Zhao, L. Hu, L. Xue, and Jie Zhang, and
Y. Mei, “Effect of 1.8 GHz radiofrequency electromagnetic radiation on
novel object associative recognition memory in mice,” Scientific Reports,
Mar. 2017.
[84] Y. Okano and H. Shimoji, “Comparison measurement for specific ab-
sorption rate with physically different procedure,” IEEE Trans. Instrum.
Meas. vol. 61, no. 2, Dec. 2016.
[85] C.M. Deniz, L. Alon, R. Brown, D.K. Sodickson, and Y. Zhu, “Specific
absorption rate benefits of including measured electric field interactions
in parallel excitation pulse design,” Magn. Reson. Med. vol. 67, no. 1,
Jan. 2012.
[86] H. Cline, R. Mallozzi, Z. Li, G. McKinnon, and W. Barber, “Radiofre-
quency power deposition utilizing thermal imaging,” Magn. Reson. Med.
vol. 51, no. 6, Jun. 2004.
13
[87] L. Alon, C.M. Deniz, R. Brown, D.K. Sodickson, and Y. Zhu, “Method
for in situ characterization of radiofrequency heating in parallel transmit
MRI,” Magn. Reson. Med. vol. 69, no. 6, May 2013.
[88] D.H. Gultekin and L. Moeller, “NMR imaging of cell phone radiation
absorption in brain tissue,” in Proc. Natl. Acad. Sci. USA 2013.
[89] L. Alon, G.Y. Cho, X. Yang, Y. Zhu, D.K. Sodickson, and C.M. Deniz,
“RF-emission device safety testing using MRI,” in Proc. IEEE Internat.
Symp. Ant. Prop. and USNC-URSI Natl. Radio Sci. Meeting 2013.
[90] L. Alon, S. Gabriel, G.Y. Cho, R. Brown and, C.M. Deniz, “Prospects for
millimeter-wave compliance measurement technologies,” IEEE Antennas
Propag. Mag., vol. 59, iss. 2, Apr. 2017.
[91] J.R. Bucher, “The national toxicology program rodent bioassay,” in Proc.
Ann. New York Academy Sci., vol. 982, no. 1, 2002.
[92] M.H. Capstick, S. Kuehn, V. Berdinas-Torres, Y. Gong, P.F. Wilson,
J.M. Ladbury, G. Koepke, D.L. McCormick, J. Gauger, R.L. Melnick,
and N. Kuster, “A radio frequency radiation exposure system for rodents
based on reverberation chambers,” IEEE Trans. Electromagn. Compat.,
vol. 59, no. 4, Aug. 2017.
[93] A. Thielens, G. Vermeeren, O. Caytan, G. Torfs, P. Demeester, J.
Bauwelinck, H. Rogier, L. Martens, and W. Joseph, “ Radiofrequency
exposure near an attocell as part of an ultrahigh density access network,”
Bioelectromagnetics, vol. 38, no. 4, May 2017. [Online]. Available:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/bem.22045
[94] M.B. Bracken, “Why animal studies are often poor predictors of human
reactions to exposure,” Journal of the Royal Society of Medicine, vol.
102, no. 3, Mar. 2009.
[95] S. Kodera and A. Hirata, “Comparison of thermal response for RF
exposure in human and rat models,” Int. J. Environ. Res. Public Health,
vol. 15, no. 10, Oct. 2018.
[96] G.C. Van Rhoon, T. Samaras, P.S. Yarmolenko, M.W. Dewhirst, E.
Neufeld, and N. Kuster, “CEM430C thermal dose thresholds: a potential
guide for magnetic resonance radiofrequency exposure levels?,” Eur.
Radiol., vol. 23, no. 8, Aug. 2013.
[97] National Research Council (US) Committee on Assessment of the
Possible Health Effects of Ground Wave Emergency Network (GWEN),
Assessment of the possible health effects of ground wave emergency
network, National Academies Press (US), 1993. [Online]. Available:
https://www.ncbi.nlm.nih.gov/books/NBK208983/
[98] FCC Report, “SAR evaluation report, IEEE Std 1528-2013, for bluetooth
earbud, model name: A2013,” 12458150-S1V2 FCC Report SAR, Apr.
2019. [Online]. Available: https://fccid.io/BCG-A2031/RF-Exposure-
Info/12458150-S1V2-FCC-Report-SAR-4246043
[99] FCC Report, “SAR evaluation report, IEEE Std 1528-2013, for bluetooth
earbud, model name: A2012,” 12458150-S2V2 FCC Report SAR, Apr.
2019. [Online]. Available: https://fccid.io/BCG-A2032/RF-Exposure-
Info/12458150-S2V2-FCC-Report-SAR-4246047
[100] FCC Report, “SAR evaluation report, FCC 47 CFR 2.1093, IEEE Std
1528-2013, for wireless smart scale, model name: FB202,” 11641559-
S1V2 FCC Report SAR, Jul. 2017. [Online]. Available: https://fcc.report/
FCC-ID/XRAFB202/3510912
[101] FCC Report, “SAR evaluation report, FCC 47 CFR 2.1093, IEEE Std
1528-2013, for smart watch, model name: FB503,” 11633253-S1V3 FCC
Report SAR, Mar. 2017. [Online]. Available: https://fccid.io/XRAFB503/
RF-Exposure-Info/11633253-S1V3-FCC-Report-SAR-3499151
[102] FCC Report, “SAR evaluation report, FCC 47 CFR 2.1093,
ANSI/IEEE C95.1-1992, IEEE Std 1528-2013, for wearable video cam-
era, model name: 002,” 180808004SAR-1, Aug. 2018. [Online]. Avail-
able: https://fccid.io/2AIRN-002/RF-Exposure-Info/FCC-SAR-Report-
R1-3974904
[103] FCC Report, “SAR evaluation report, FCC 47 CFR 2.1093, for
Apple BCG-A1860, additional model name: A1957,” 1C170616002-
60-01-R3.BCG, Jan. 2017. [Online]. Available: https://fccid.io/BCG-
A1860/RF-Exposure-Info/RF-Exposure-Info-1-3549293
[104] FCC Report, “SAR evaluation report, FCC 47 CFR 2.1093, for
Apple BCG-A1861, additional model name: A1958,” 1C170616002-
61-01-R3.BCG, Jan. 2017. [Online]. Available: https://fccid.io/BCG-
A1861/RF-Exposure-Info/RF-Exposure-Info-1-3550443
[105] FCC Report, “SAR evaluation report, FCC 47 CFR 2.1093, for
Apple BCG-A1889, additional model name: A1969,” 1C170616002-
89-01-R3.BCG, Jan. 2017. [Online]. Available: https://fccid.io/BCG-
A1889/RF-Exposure-Info/RF-Exposure-Info-3555622
[106] FCC Report, “SAR evaluation report, FCC 47 CFR 2.1093, for
Apple BCG-A1891, additional model name: A1972,” 1C170616002-
91-01-R3.BCG, Jan. 2017. [Online]. Available: https://fccid.io/BCG-
A1891/RF-Exposure-Info/RF-Exposure-Info-3555643
[107] S. Kim, E. Visotsky, P. Moorut, K. Bechta, A. Ghosh, and C. Dietrich,
“Coexistence of 5G with the incumbents in the 28 and 70 GHz bands,”
IEEE J. Sel. Areas Commun., vol. 35, iss. 8, Aug. 2017.
[108] M. Kabir and S. Kim, “5G or Wi-Fi for HA/DR in the 60 GHz Band?,”
in Proc. IEEE Internat. Symp. Technol. Homeland Security (HST) 2019.
[109] A. F. Cosan and A. Kavas, “Dual band microstrip wearable antenna de-
sign.” [Online]. Available: http://www.emcturkiye.org/papers/Session8
Talk2.pdf
[110] R. W. Heath, “Wearable networks: a new frontier for
device-to-device communication,” Presentation at WCNC.
Available at http://users.ece.utexas.edu/∼rheath/presentations/2015/
mmWaveWearablesWCNC2015Heath.pdf.
[111] S. Yan and G. Vandenbosch, “Radiation pattern-reconfigurable wear-
able antenna based on metamaterial structure,” IEEE Antennas and
Wireless Propag. Lett., vol. 15, 2016.
[112] N. Chahat, M. Zhadobov, L. Coq, and R. Sauleau, “Wearable endfire
textile antenna for on-body communications at 60 GHz,” IEEE Antennas
and Wireless Propag. Lett., vol. 11, 2012.
[113] M. Wagih, Y. Wei, and S. Beeby, “Flexible 2.4 GHz node for body area
networks with a compact high-gain planar antenna,” IEEE Antennas and
Wireless Propag. Lett., vol 8, 2019.
